This paper proposes a novel vertical handoff algorithm between WLAN and CDMA networks to enable the integration of these networks. The proposed vertical handoff algorithm assumes a handoff decision process (handoff triggering and network selection). The handoff trigger is decided based on the received signal strength (RSS). To reduce the likelihood of unnecessary false handoffs, the distance criterion is also considered. As a network selection mechanism, based on the wireless channel assignment algorithm, this paper proposes a context-based network selection algorithm and the corresponding communication algorithms between WLAN and CDMA networks. This paper focuses on a handoff triggering criterion which uses both the RSS and distance information, and a network selection method which uses context information such as the dropping probability, blocking probability, GoS (grade of service), and number of handoff attempts. As a decision making criterion, the velocity threshold is determined to optimize the system performance. The optimal velocity threshold is adjusted to assign the available channels to the mobile stations. The optimal velocity threshold is adjusted to assign the available channels to the mobile stations using four handoff strategies. The four handoff strategies are evaluated and compared with each other in terms of GOS. Finally, the proposed scheme is validated by computer simulations.
INTRODUCTION
There has been a huge development in wireless communication technologies: mobile and WLAN systems. Mobile technologies such as global system for mobile communications (GSM), general packet radio service (GPRS), universal mobile telecommunication system (UMTS), and CDMA (IS-95 A/B and CDMA2000) offer high mobility, long range always-connected access, but with high costs and low rates. In contrast, WLAN technologies offer higher rates and lower costs, but with low mobility and short-range coverage. Due to the complementary characteristics of mobile technologies and WLANs, the integration of mobile technologies and WLANs will help compensate for coverage, bandwidth, and mobility, and achieve the requirements imposed by the increased user demands. Therefore, the integration of such heterogeneous networks is expected to become a main focus in the development of the next generation of wireless networks. In order to provide a convenient access to both technologies in various environments, interworking and integration of the two types of networks are regarded as very important design objectives [1] [2] [3] [4] [5] [6] .
Recently, the 3rd-generation partnership project (3GPP), a standard body that developed and maintained GSM, GPRS, and UMTS, initiated the specification of interworking architecture for WLAN and 3GPP systems. In [7] , six interworking scenarios have been identified under different supporting services and operational capabilities. The 3rd -generation partnership project 2 (3GPP2), such as IS-95, cdma2000, and 1xEV-DO [8] , has been nation-widely deployed in Korea. As a result of the sequential and successful development of wireless networks, we address herein the integrated network between CDMA and WLAN. The combination of WLAN and CDMA technologies uses the best features of both systems. The key goal of this integration is to develop a heterogeneous mobile data network, capable of supporting ubiquitous data services with very high data rates in hotspots. The effort to develop 2 EURASIP Journal on Wireless Communications and Networking such heterogeneous networks, especially seamless roaming, is linked with many technical challenges including seamless vertical handoff across WLAN and CDMA technologies, security, common authentication, unified accounting and billing, WLAN sharing, consistent QoS, service provisioning, and so forth [5] .
For implementing the vertical handoff in heterogeneous wireless networks, the mobility management represents a main challenge. It relies on two main problems which are location management and handoff management [9, 10] . Location management tracks the mobile station (MS) for successful information delivery. For this purpose, Mobile IP (MIP), which enables seamless roaming, is the main engine for location management. Handoff management maintains the active connections for roaming mobile terminals as they change their point of attachment to the network. Handoff management is the main concern of this paper.
Handoff (or handover) is an event that takes place when an MS moves from one wireless cell to another. It can be classified into horizontal and vertical handoffs. A horizontal handoff is a handoff between base stations (BSs) that are using the same kind of wireless network interface, while a vertical handoff occurs between BSs that are using different wireless network interface. In WLANs, the BSs are called access points (APs). Several aspects can be considered in the handoff decision making to optimize the handoff performance (e.g., throughput and grade of service (GoS)). The decision about when and how this handoff is executed is assisted by the handoff policy. It can be classified into handoff triggering and network selection. First, the handoff trigger is the ability to decide when to perform the vertical handoff. Handoff trigger metrics are the qualities that are measured to indicate whether or not a handoff is needed. In traditional homogeneous networks, the physical layer parameters such as the received signal strength indication (RSSI) and signal to interference ratio (SIR) are regarded as classical handoff trigger metrics. However, these parameters are insufficient for the challenges raised by the next generation of heterogeneous wireless networks since there are many differences in the radio interface, cell coverage, traffic type, data rate, and so forth. Second, the network selection represents the ability to decide which system performs the network interface. In [11] , a handoff decision is made based on the RSSI, available bandwidth, delay, user preference, and so forth. In order to quickly and accurately detect the signal decay, [11] proposed a signal decay detection approach referred to as the FFT-based decay detection. To decide the "best" network interface, a policybased handoff scheme was proposed in [12] , where a cost function is designed to decide the "best" network interface for various network conditions. In order to handle more sophisticated configurations, a smart decision model which employs the logarithmic function as the cost function, is proposed by [13] , where cost function (network selection criteria) components such as like usage expanse, link capacity, and power consumption are considered. In [14] , the vertical handoff is applicable to a wider set of context changes, including network QoS (e.g., bandwidth, loss rate, packet delay, and delay jitter), user device preferences, and so forth.
In this case, a lot of criteria and objectives must be satisfied. To deal with these aims, the analytic hierarchy process (AHP) was exploited by [15] . In recent years, artificial intelligencebased decision algorithms have been proposed for adaptive decision. In order to take an intelligent and better decision as to which wireless network should be chosen, [16, 17] proposed a fuzzy logic scheme based on RSSI, service type, network conditions, system performance, mobile node capabilities, user preferences, and monetary cost.
In fast MSs, a handoff occurs frequently in WLANs due to their small coverage area. It implies that the frequency of handoffs will increase especially in WLANs, so a large number of handoff requests must be handled. Therefore, the handoff dropping probability is increasing, and the service quality (e.g., GoS) becomes worse. On the other hand, the CDMA system is large enough to accommodate fast MSs, and lower handoff request rates, thus resulting in lower burden and good service quality. It is safe to assume that either slow or stationary MSs transmit more data and that fast moving stations communicate at lower data rates. Therefore, according to the MS speed, the load balancing handoff between WLAN and CDMA results in good service quality and the avoidance of unnecessary handoffs. Our proposed methods adopt the mobility management concept through the MS speed cost function to minimize the GoS.
In this paper, we deal with a vertical handoff decision based on context information. In order to design new criteria with higher performance, we consider the RSSI, distance between BS and MS, MS speed, and grade of service related with the blocking probability with new traffic, dropping probability of the handoff traffic, and the number of handoff attempts per user. A good handoff algorithm is to be derived in order to satisfy the required objectives. Thus an appropriate handoff control is also an important issue in the system management for the sake of the benefits mentioned above in reference with overlay cell structures. We first propose in Section 2 a handoff triggering algorithm, a network selection method based on context information in Sections 2 and 3, and the corresponding communication mechanism from WLAN to the CDMA system, and vice versa, based on the wireless channel assignment in Section 3. Second, we present a handoff strategy for hierarchical overlay structured networks in Section 3. We consider also a handoff trigger based on the RSSI and distance between BS and MS. As a network selection criterion, the velocity threshold is determined to optimize the system performance (e.g., GoS and the number of handoffs per user). Combining WLAN and CDMA presents a unique dimensioning problem, in terms of determining the system performance given the number of radio channels, voice traffic, and data traffic (queuing delays). The proposed scheme is validated through analytical simulations and using a voice traffic model.
The rest of the paper is organized as follows. In Section 2, we describe the handoffs and the requirements of the handoff algorithms. In Section 3, the proposed vertical handoff decision making algorithms are presented, and several design problems are formulated including the core part of the algorithmic decision procedure for the optimal velocity threshold for the WLAN and CDMA selection schemes. Section 4 explains the architecture for the integrated networks, the mobility model, and the performance parameters (i.e., new call blocking probability and handoff call dropping probability, and grade of service (GoS)) for four handoff strategies. Simulations are performed in Section 5 to validate the proposed approach. Finally, a summary of the proposed results and future related research topics are presented in Section 6.
WIRELESS OVERLAYS AND VERTICAL HANDOFF
In this section, we describe the wireless overlay network and handoff concepts. WLANs are comprised of high-bandwidth wireless cells that cover a relatively small area, CDMA systems in the hierarchy provide a lower bandwidth per unit area connection over a larger geographic area. In our system, which consists of large CDMA cells and several small WLAN cells inside of them, vertical handoff may take place in two cases: handoff from CDMA to WLAN (downward vertical handoff) when the MS is in the coverage area of a CDMA cell and enters into the WLAN, handoff from WLAN to CDMA when the MS leaves the coverage area of a WLAN and enters that of a CDMA cell.
In general, even though the RSSI from CDMA is usually greater than that of WLAN, downward vertical handoff is done with high priority since connecting to WLAN is more desirable because it provides more bandwidth, is cost effective and power efficient, and reduces interference in the mobile network. However, in the case of fast MS, the frequency of handoffs will increase in WLAN. In order to overcome this problem, we propose a novel handoff algorithm in Sections 3 and 4. In contrast, we consider the upward vertical handoff.
The horizontal handoff is divided into two categories: handoff from CDMA to CDMA when the MS leaves the coverage area of a CDMA cell and enters other CDMA cell, handoff from WLAN to WLAN when the MS leaves the coverage area of a WLAN and enters other WLAN.
The requirements of the handoff algorithm in heterogeneous networks which should be considered in the design of the handoff algorithm are as follows [18] : (i) handoff should be done fast and its delay should be minimum;
(ii) the number of handoffs should be minimal since excessive handoff results in signal quality degradation increased traffic dropping probability and additional loads on the network;
(iii) the handoff procedure should be reliable and successful;
(iv) when the traffic in the WLAN becomes too high and overflow occurs, the handoff to WLAN should be avoided;
(v) fast MS should remain connected to CDMA and prevented from connecting to WLAN since the WLAN is designed for low-velocity MS and assumes a small coverage area (∼100 m).
In order to satisfy the above requirements, we propose a handoff decision algorithm considering the MS speed, GoS, dropping probability, blocking probability, RSSI, and distance between BS (or AP) and MS.
A VERTICAL HANDOFF DECISION AND THE PROPOSED ALGORITHM
A vertical handoff decision determines when to invoke a vertical handoff operation. The vertical handoff decision is rule based, and the rules decide whether the handoff is necessary and to which network to switch. A vertical handoff in our system falls into two stages which are included during a vertical handoff decision: a handoff triggering and a network selection stage. In the handoff triggering stage, various parameters used for the handoff decision are continuously monitored by both networks (e.g., RSSI). In the network selection stage, the handoff target direction is chosen based on the predefined criterion (e.g., QoS and GoS).
Handoff triggering
In this subsection, we discuss handoff triggering criteria for optimizing the GoS, low-latency handoff in MIPv4 and fast handoff in MIPv6.
Handoff triggering with RSS
A vertical handoff decision process determines when to invoke a vertical handoff operation. The time for the handoff trigger is evaluated by the user location changes (as users may leave or enter into specific network coverage) and the network selection criterion is the context information (e.g., QoS, GoS, mobile speed, network preferences, etc.) of the current and alternative network(s). The evaluation of user location changes is carried out based on the RSS. Generally, a handoff trigger is decided by the RSS. This method is similar to movement detection in the MIP mobility management. This paper adopts a vertical handoff algorithm, where the criteria for handoff triggering and network selection are the RSS and mobile velocity for optimizing the GoS, respectively.
Our proposed vertical handoff algorithm between the WLAN and CDMA is shown in Figure 1 . We assume the following variables to determine the vertical handoff:
(i) X WLAN : predefined threshold value when the handoff is in WLAN;
(ii) V T : velocity threshold whether a fast mobile station (MS) or a slow MS.
In the left-side operation of the vertical handoff procedure (upward vertical handoff), first, the RSS values are measured in sampling intervals and their average RSS is computed in the averaging window. If a neighbor WLAN does not exist, it prepares to handoff to CDMA. If a neighbor WLAN exists, it monitors the RSS of the neighbor WLANs. As the MS moves away from the coverage of the access point, the signal strength falls. The MS then scans the environment for other access points. If another access point is available, and the RSS of the neighbor WLAN is strong enough, then the network selection procedure prepares the information to which network to connect (either CDMA or WLAN). In the network selection stage, the velocity threshold (V T ) is calculated while optimizing the GoS. When the MS speed is larger than the velocity threshold, it executes the handoff to CDMA. In this case, the MS is identified as a fast MS. Therefore, the requirements 2, 4, and 5 in Section 2 can be satisfied. The handoff algorithm uses this information (RSSI) along with other possible information (V T ) to make a decision on the handoff execution to the CDMA network. Notice also that the right-side operation of the vertical handoff procedure (downward vertical handoff) is similar with the upward vertical handoff except for the handoff direction.
Handoff trigger with RSS and distance
To reduce the likelihood of unnecessary handoffs, we consider a handoff triggering model based on the criteria of RSS and distance between BS (or AP) and MS. Figure 2 illustrates the proposed vertical handoff procedure using the RSS and the distance between BS (or AP) and MS. We use the following variables to determine the vertical handoff:
(1) X CDMA , X WLAN : predefined signal strength thresholds for the handoff in the CDMA network and WLAN, respectively; (ii) D CDMA , D WLAN : predefined distance thresholds for the CDMA network and WLAN, respectively; (iii) D BS : current measured distance between BS and MS.
We notice that the measured criteria of signal level and distance for both RAN (radio access network) technologies cannot be directly compared since the monitored links come from different access networks, so different thresholds for the two access technologies are defined separately.
In the upward vertical handoff (the left-side of Figure 2 ), when the active MS is using the WLAN link, the handoff from WLAN to CDMA network will occur when the following condition is satisfied:
As the MS moves away from the coverage of the access point, the signal strength is falling down and the distance between BS and MS is decreasing. Jang-Sub Kim et al. On the other hand, the handoff from the CDMA network to WLAN will occur when the following condition is satisfied:
When the signal from the WLAN access point (AP) becomes strong and at the same time the distance between AP and MS is decreasing and MS speed is smaller than the velocity threshold (VT), the MS is connected to the WLAN. These two criteria (RSS and distance) reduce the unnecessary handoff probability and traffic-dropping probability [19] . Reference [19] mentioned that the probability of vertical handoff using both RSS and distance is smaller than that using only RSS. The handoff mechanism for this direction should consider the criteria of RSS and distance on the CDMA link, and the information brought by velocity. The latter is decided by the GoS-based network selection process, invoked when the GoS of an integrated network is below the perceived acceptance quality, or the GoS achieves a minimal value.
Network selection method
As network selection method, we propose a context-based network selection process between WLAN and the CDMA network, based on the wireless channel assignment information. We focus on the network selection method which uses the context information such as GoS and the number of handoff attempts. GoS is a function of the dropping and blocking probabilities. As a network selection parameter, the velocity threshold is determined to optimize the system performance. The optimal velocity threshold is adjusted to assign the available channels to the mobile stations.
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Criteria parameters: MS speed and GoS
The proposed network selection algorithm between WLAN and CDMA cellular networks considers the velocity thresholds related to GoS performance and handoff rates as shown in Figures 1 and 2 . In general, GoS is a measure of the probability that a percentage of the offered traffic will be blocked or delayed. As such, GoS is commonly expressed in terms of the fraction of calls failing to receive immediate service (blocked calls), or the fraction of calls forced to wait longer than a given time for service (delayed calls). In this paper, the call blocking and call dropping probabilities are used for GoS function because mobile users complain more about dropping calls due to handoff failures for voice call services.
In our proposed vertical handoff decision process, the estimation of the velocity threshold (V T ) is carried out in the system shown in Figure 3 . For the estimation of the mobile speed, global positioning system (GPS) or differential GPS can provide adequate location information. Using GPS and time-of-arrival (TOA) information from the user signal, we can estimate for user's velocity. We develop the handoff algorithm based on an optimal velocity threshold. The problem here is to find V T that improves GoS and decreases the number of handoff attempts (N h ) with the given traffic parameters and MS mobility: f Λ (λ) and f V (v), which are the traffic load and velocity distribution of MS, respectively. We have to find the velocity threshold that satisfies the following optimality criterion:
The procedure is now concerned with optimizing GoS in which the system-wide call blocking probability PB and the handoff call dropping probability PD are weighted and averaged as described later in (35). GoS can be written as a function of V T , and hence finding the optimum value of V T minimizing the value of GoS and N h is a typical minimization problem.
Criteria parameters: WLAN throughput and delay jitter
The proposed network selection algorithm between WLAN and CDMA cellular networks considers the WLAN throughput and delay jitter related to the number of competing terminals as shown in Figure 4 . In the IEEE 802.11 medium access control (MAC) layer protocol, the basic access method is the distributed coordination function (DCF) which is based on the mechanism of carrier sense multiple access with collision avoidance (CSMA/CA). The performance strongly depends on the number of competing terminals. Therefore, if we know the number of competing terminals, then we can assess the current throughput in WLAN. As the number of competing terminals increases, the throughput is degraded. Therefore, when the WLAN networks present over maximum throughput and minimum delay jitter, we expect the handoff to WLAN be avoided and entrance into the CDMA cell be granted.
According to the network traffic class (e.g., conversational, streaming, interactive, or background class), the network selection algorithm exhibits different sensitivities to delays or delay jitters. In such scenarios, there is a tradeoff between the handoff delay and throughput during these handoff operations. Therefore, we propose a network selection algorithm by exploiting the information provided by both throughput and delay jitter.
In [20] , the number of competing terminals is estimated using the extended Kalman filter approach. This approach shows both high accuracy as well as prompt reactivity to changes in the network occupancy status. Thus the estimated knowledge of traffic load and number of terminals sharing an 802.11 WLAN might effectively drive the load-balancing and handoff algorithms to achieve better network resource utilization. From these estimated values, we calculate the throughput and delay jitter. Provided that the throughput and delay jitter are satisfied based on a prespecified threshold value (e.g., maximum delay variation of 130 milliseconds), then the WLAN will be selected as the active network. Otherwise, the CDMA network is selected. As Figure 4 indicates, the proposed method allows the reservation of the CDMA resources, and therefore the channel capacity will increase. Generally, voice can tolerate a maximum delay variation of 130 milliseconds while preserving good real-time interactivity [21] .
PERFORMANCE METRICS AND ANALYSIS
In this section, we describe handoff strategies and metrics that we use to quantify the performance. We consider a large geographical area covered by contiguous WLANs. WLAN constitutes the lower layer of the two-layer hierarchy. All the WLANs are overlaid by a large CDMA system. The overlaying CDMA system forms the upper cell layer. Each CDMA system is allocated c 0 traffic channels, and the number of channels allocated to the WLAN cell-i is c i , i = 1, 2, . . . , N. In the case of speech calls, the number of WLAN channels is the maximum number of users who can communicate with the access point (AP) while satisfying both the QoS and delay jitter conditions at the same time. All channels are shared among new calls and handoff calls. In our system, mobile stations (MSs) are traversing randomly the coverage area of WLAN and CDMA systems. We distinguish two classes of MSs: fast and slow MSs, respectively. We further assume that an MS does not change its speed during a call. Figure 5 shows the traffic flows between different wireless networks with related parameters. In our system, we have classified them into four handoff strategies as follows: (or WLAN) as overflow, are taken back to a WLAN (or CDMA) of the appropriate layer as soon as the traffic channels become available. This capability has the effect that the number of MSs with different speeds is minimized in the considered cell layer. In general, the slow MS is connected to the WLAN according to the network selection algorithm. If no other AP is available, the slow MS first is connected to the CDMA cell. Next, if an AP becomes available, the slow MS is back to the WLAN. The four strategies enable the network to clear the handoff target cell depending on the user's mobility. The four strategies can be used to estimate the velocity threshold (V T ) for various handoff admission controls.
In this paper, all WLANs of the lower layer are treated equally to simplify the overflow. We present analytical results for the proposed system. As stated, our objective is to focus on simple and tractable mechanisms for which analytical results can give an insight into the handoff mechanism between different networks. According to the velocity threshold, all the mobile users are divided into two groups: slower moving users (λ S ) and fast moving users (λ F ). In order to determine the optimal threshold velocity, which is one of the main goals of this study, a few assumptions related to mobility characteristics are made in the system model.
The assumptions we employ in the mobility models are taken from [22] as cells are circular with radius R, mobiles are uniformly distributed in the system, mobiles making new calls in WLAN move along a straight line with a direction uniformly distributed between [0, 2π), and mobiles crossing cell boundary enter a neighbor cell with the incident angle θ which assumes the distribution:
WLAN cells assume two types of new call traffics, represented by the call arrival rates λ S n and λ S h , respectively, and modeled by the Markov-modulated Poisson process (M/M/k/k, in voice traffic model) [23] . Let random variables X and Y denote the straight mobile paths for new calls and handoff calls, respectively. With the assumption of unique WLAN cell size and the same speed for the MSs, WLAN cell boundary crossing rate per call (μ B ), provided that no handoff failure occurs [22] , is μ B = 2E[V ]/πR. New calls are assumed to finish within the average call duration time, 1/μ, or the call handoffs to an adjacent cell. The proportion of the 8 EURASIP Journal on Wireless Communications and Networking channels returned by the handoff is P h = μ B /(μ + μ B ) [22] . In other words, the rate of channel release and that of the call completion due to handoff are μ B /(μ + μ B ) and μ/(μ + μ B ), respectively.
Handoff strategy-1: no vertical handoff
In this strategy, we consider the reference system in which each layer in the overlaid WLAN/CDMA network is kept completely independent. Slow mobile users are traversing only in the WLAN and fast mobile users are traversing in the CDMA system. Horizontal handoff is allowed but vertical handoff is not allowed in this strategy.
We denote the blocking probability of calls from the CDMA system and WLAN by P B0 and P B1 , respectively. The handoff traffic from slow and fast mobiles is denoted as follows. λ are the rates of fast and slow mobile handoff traffic in a WLAN, respectively.
The new call blocking probability The call blocking probability in WLAN
The total traffic rate into the WLAN due to a slow MS is computed as follows:
where the superscript S denotes the slow MS. The subscript 1 is for WLAN. The subscripts n and h denote the new call and the handoff call, respectively. The generation rate of the handoff traffic of a slow mobile station in a WLAN is given by
The offered load in a WLAN is
The Erlang-B formula calculates the blocking probability of WLAN with the traffic ρ 1 and the number of channels c 1 as
This result can be easily extended to Erlang-C or M/M/k/k queue models.
The call blocking probability in CDMA system
The total traffic rate into the CDMA cellular system due to a fast MS is computed as follows
The generation rate of the handoff traffic of a fast mobile station in a CDMA system is given by
The offered load to a CDMA system is calculated as ρ 0 = λ F 0 /μ F 0 . Similar to the new call blocking probability of WLAN, the CDMA system's blocking probability can be expressed as
The handoff call dropping probability
The handoff call dropping probability in WLAN Slow MS users are supposed to use WLAN channels. The probability of handoff call drop in WLAN can be calculated as follows. P S D is defined in such a way that the ith handoff request is successful but the (i + 1)th request is dropped:
where f 1 = P S h1 P B1 and s 1 = P S h1 (1 − P B1 ). The variable f i describes the probability that the handoff fails due to the channel shortage, and s i is the probability of successful handoff.
The handoff call dropping probability in the CDMA system
Similar to the call dropping probability of WLAN, the probability of call dropping in CDMA systems can be calculated as follows:
The overall probability of either dropping or handoff failure can be expressed as follows:
where R S and R F are the fractions of slow and fast MSs, respectively.
Handoff strategy-2: upward vertical handoff
The system in this strategy allows upward vertical handoff from the WLAN to the CDMA system. Only upward vertical handoff of new MS and handoff traffic for a slow MS to the CDMA system is allowed.
The new call blocking probability
The new call blocking probability in WLAN
The total traffic rate in WLAN due to a slow MS is the same as (4), where λ S n1 is the new call generation rate in WLAN due to a slow MS, and λ S h1 is the rate of handoff call in a WLAN of a slow MS. Notice also that the generation rate of the handoff traffic of a slow mobile station in a WLAN is the same as (5).
The Erlang-B formula (6) calculates the blocking probability of WLAN with the traffic ρ 1 and the number of channels c 1 .
The new call blocking probability in the CDMA system
The total traffic rate in the CDMA cellular system due to a fast MS assumes the same expression as in (7) . The total traffic rate into a CDMA system due to a slow MS is given by
where N denotes the number of WLANs in an overlay CDMA cellular system. The generation rate of the handoff traffic of a fast mobile station in a CDMA system assumes the same expression as in (8) . The generation rate of the handoff traffic of a slow mobile station in a CDMA system is given by
The offered load to a CDMA system is calculated as
Finally, the blocking probability of the CDMA system can be expressed as in (9).
The handoff call dropping probability
The handoff call dropping probability in the WLAN The probability of handoff call drop in the WLAN can be calculated as follows:
The notation P 10 denotes the probability that a slow MS fails to be handed over to a near WLAN, and to be handed over to the overlaying CDMA system. The notation P S F0 denotes the probability that a slow MS fails to be handed over to the CDMA system during a call.
The notation P 10 is defined in such a way that the ith handoff request is successful but the (i + 1)th request is dropped:
P S F0 is calculated as follows:
The handoff call dropping probability in the CDMA system
The probability of call dropping of a fast mobile station in the CDMA system is the same as (11) . The overall probability of dropping is the same as (12).
Handoff strategy-3: upward and downward vertical handoffs
In this subsection, we describe the performance analysis of strategy-3. In strategy-3, we consider upward and downward vertical handoffs between WLAN and the CDMA system.
The new call blocking probability
The new call blocking probability in the WLAN
The total traffic rate into the WLAN due to a slow MS is the same as (4). The total traffic rate into the WLAN due to a fast MS is expressed as
The generation rate of the handoff traffic of a slow MS in a WLAN is the same as (5). The generation rate of the handoff traffic of a fast moving MS in a WLAN is characterized by
The parameter ρ is the actual offered load to a WLAN from the new call arrival and the handoff call arrival. Invoking this important property, we can use
as the offered load to WLAN. The Erlang-B formula (6) can be used then to calculate the blocking probability with the traffic ρ 1 and the number of channels c 1 [22] .
The new call blocking probability in the CDMA system
The total traffic rate into the CDMA system due to a fast MS is the same as (7). The total traffic rate into the CDMA due to slow MS is expressed as (13) . The total traffic rate into the CDMA system due to a fast MS is the same as (8) . The generation rate of the handoff traffic of a fast MS in the CDMA system is calculated as
The generation rate of the handoff traffic of a slow MS in the CDMA system is computed as (14) . The probability of call blocking is given by the Erlang-B formula because it does not depend on the distribution of the session time. Invoking this important property, we can use
as the offered load to the CDMA system, and the blocking probability can be expressed as in (9).
The handoff call dropping probability
The handoff call dropping probability in WLAN Slow MSs are supposed to use WLAN channels. However, since the handoff to the CDMA system is also allowed, the probability of handoff call drop in WLAN can be calculated as follows. Let P 10 denote the probability that a slow MS fails to be handed over to a near WLAN. The probability of calls in a WLAN, P B0 , denotes the probability of failed upward vertical handoffs to the overlaying CDMA system due to channel shortages. Then the handoff call dropping probability can be expressed as (15) .
The handoff call dropping probability in the CDMA system
The probability of call droppings of a fast mobile station in the CDMA system can be approximated by
The overall probability of dropping is the same as (12).
Handoff strategy-4: take-back vertical handoff
In this subsection, we describe the performance analysis of strategy-4. In strategy-4, we consider take-back vertical handoff between the WLAN and the CDMA system.
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New call blocking probability New call blocking probability in the WLAN
We denote the take-back traffic rates to the CDMA system and WLAN by λ T0 and λ T1 , respectively. The notations P T0 and P T1 denote the take-back probabilities from the CDMA system and the WLAN, respectively. The total traffic rate into the WLAN due to a slow MS is computed as follows:
where the take-back traffic rate component is given by
The total traffic rate into the WLAN due to a fast MS is expressed as
The generation rate of the handoff traffic of a slow MS in a WLAN is given by
The generation rate of the handoff traffic of a fast moving MS in a WLAN is characterized by
as the offered load to the WLAN. Notice that the Erlang-B formula (6) calculates the blocking probability with the traffic ρ 1 and the number of channels c 1 .
The new call blocking probability in the CDMA system
The total traffic rate into the CDMA system due to a fast MS is computed as follows:
Here, the take-back traffic rate component takes the expression
Thus the total traffic rate into the CDMA system due to a slow MS is given by
The generation rate of the handoff traffic of a fast MS in the CDMA system is
The generation rate of the handoff traffic of a slow MS in the CDMA system is computed as
The probability of call blocking is given by the Erlang-B formula because it does not depend on the distribution of the session time. Invoking this important property, we can use
The handoff call dropping probability
The handoff call dropping probability in WLAN Slow MSs are supposed to use WLAN channels. However, since handoff to the CDMA system is also allowed, the probability of handoff call drop in WLAN can be calculated as follows. The handoff call dropping probability is the same as (15) .
The handoff call dropping probability in the CDMA system
The probability of call dropping probability of a fast mobile station in the CDMA system can be calculated as follows:
The overall probability of either dropping or handoff failure is given by (12).
The number of handoffs and grade of service
We will use the term handoff rate to refer to the mean number of handoffs per call. We use geometric models to predict handoff rates per call as the cell shapes and sizes are varied. Approximating the cell as a circle with radius R and the speed of the mobile station with V , the expected mean sojourn time in the call initiated cell and in an arbitrary cell can be found [22] , and are given, respectively, by
A user will experience a handoff if he moves out of the radio coverage of the base station with which he/she currently communicates. The faster the user travel, probably the more handoffs he/she will experience. Using a result from renewal theory, the expected number of handoffs given the speed of the user can be found [22] :
Among many system performance measures, GoS is the most widely used. In fact, users complain much more for call droppings than for call blockings. GoS is evaluated using the prespecified weights PB and PD [22] : where PB and PD represent the blocking and dropping probabilities of the involved systems, respectively. The weight α emphasizes the dropping effect with its value in general larger than one half. In this paper, we use α = 0.7 due to the fact that the dropping effect is more critical for calling users.
NUMERICAL EXAMPLES
The proposed procedure is tested using several numerical examples for the overlaid structure. The test system consists of 10 WLANs in the CDMA system. The total traffic is Λ = λ 0 + nλ 1 , where λ 0 and λ 1 stand for the new call arrival rates for the CDMA system and WLAN, respectively. The radii of WLAN and the CDMA system are assumed 300 m and 1000 m, respectively. The average call duration is 1/μ = 120 seconds. The number of channels in each CDMA system and WLAN is c 0 = 30 and c 1 = 10, respectively, for the total Λ = 60 Erlang. Assume the traffic mobility distribution is the same as [22] .
During the operation phase, one can draw a histogram to estimate f V (v), and the expected value of the mobile speed can be calculated by averaging the mobile speeds monitored by the system. Analytically, we can obtain E[V ] for such a simple hypothetical velocity distribution [12] , as it is shown in Figure 6 .
Assume there are three types of traffic mobility distributions as displayed in Figure 6 for the given total traffic. Type 1 is the case when slower moving users are present in a larger number (prevalent), whereas the type 3 is the reverse case. Type 2 is the case when medium moving users represent the largest number. Figure 7 shows the GoS for three different mobility distributions of the mobiles in the system. The vertical arrows in the figure show the range of the possible velocity thresholds at a certain load level. A fictitious traffic type 3 in which the number of fast moving mobiles is larger than those of slow moving mobiles is also considered, and the optimal value lies in the high-value region. (ii) Upward vertical handoff: a system where only upward vertical handoff traffic for a slow MS to the CDMA system is allowed.
(iii) Upward and downward vertical handoffs: a system where upward and downward vertical handoffs traffic for both slow and fast MS is allowed.
(iv) Take-back vertical handoff: take-back vertical handoff traffic of both slow and fast MS to their appropriate layers.
The probability of blocking and call dropping versus velocity threshold are given in Figures 8-9 . As shown in Figure 8 , the probability of a new call blocking is almost unchanged, but it increases as PB is minimized. If V T increases, the number of users being serviced in the CDMA system also increases. Thus PB of the CDMA system increases, while PD of WLAN decreases. Also, the overall probability of call droppings diminishes. Figure 10 shows the plot of (45) for the mobility distributions of the MS in the system. As the velocity threshold increases, the number of handoff attempts in the system also increases. To achieve the goal of minimizing N h , we want to place more users in the CDMA system because crossing the boundaries of large cells becomes less frequent. However, this may overload the CDMA system. Many calls may be blocked due to the lack of channels and have to be handed down to the WLAN. This imposes an extra cost. Therefore, it is desirable to maintain a GoS in the system.
We investigate next the GoS, which is a function of both the traffic load and mobility distribution. Figure 11 shows Figure 11 ) since V T in the case (d) is smaller than that of case (c) and thus more users are serviced in the CDMA system while WLAN serves fewer users. Also, the optimal threshold value which presents the minimum handoff rate assumes 12 m/sec or 13 m/sec (see Figure 10) . The smaller threshold value assumes smaller handoff rates, and these values then achieve optimal values. As a result, WLAN will give rise to a higher number of handoff requests for high-mobility users, and the corresponding number of handoff requests of the calls in progress may cause an excessive processing load in the network. If the GoS value is given by 10 −2 , the range of the optimal threshold value (V T ) becomes 9 m/sec to 20 m/sec, 9 m/sec to 20 m/sec, 11 m/sec to 20 m/sec, about 12 m/sec for cases (a), (b), (c), and (d), respectively.
For the range exceeding the threshold, as V T is smaller, more traffic can be accommodated for the increased P B1 , and more traffic is allocated to the WLAN. As the traffic increases, V T corresponding to the minimum P B0 becomes higher. Thus more traffic should be assigned to WLAN. For Jang-Sub Kim et al. example, if the number of fast-moving MSs is larger than the number of slow-moving MSs, the optimal V T (in terms of GoS) lies in the relatively higher position of the region.
We make a comparison of the performance according to a variety of offered loads (Erlang value). The performance of GoS according to the offered load is shown in Figure 12 . As the offered load increases, the performance of GoS becomes worse. As GoS, according to the offered load, is minimized, the velocity threshold value will be changed. Therefore, the velocity threshold value for which GoS is minimized is dependent on the offered load, velocity distribution, and handoff strategy. As showed previously in this research, we have corroborated that the velocity threshold is a function of a variety of factors.
In the case of handoff triggering using both RSS and distance information, GoS is showed in Figure 13 . After handoff triggering, the network selection process is performed. The figure presents the performance graphs based on strategy-3 that is considered in both the upward and downward vertical handoffs. The probability of handoff is reduced with an average of 10% [19] . As the figure indicates, handoff triggering using both RSS and distance information exhibits better performance, compared with that using only RSS. Due to this aspect, the triggering method that exploits RSS and distance information may avoid unnecessary handoffs.
With all the observations in mind, the strategy we proposed exhibits some desirable features, that is, finding the optimal velocity threshold value GoS and the handoff rate.
CONCLUSIONS
This paper proposed a handoff decision process with network selection that decides the optimal velocity threshold in order to improve GoS and minimize the number of handoff attempts with a given traffic volume in a WLAN-CDMA integrated network. The simulation results show the dependency of the system performance upon the velocity threshold V T . The velocity threshold has been shown to be an important system parameter that the system provider should determine to produce better GoS and lower handoff rates. From the simulation results, we were able to validate the procedures determining the optimal V T , which depends upon GoS as well as the number of handoff attempts. Finally, we would like to mention that due to lack of space the results presented in our preliminary conference paper [24] address only a general decision process (based on received signal strength) and a simple handoff algorithm (take-back handoff). The work presented herein represents a significant extension of the results reported in [24] in the following aspects. The present paper proposes novel decision making schemes (based on the received signal strength, and the combination between signal strength and distance), novel network selection algorithms (based on velocity and GoS, and the number of competing terminals with throughput), as well as additional novel network selection algorithms (based on (a) no vertical handoff; (b) upward vertical handoff; (c) upward/downward vertical handoff; and (d) take-back handoff).
